Introduction
MUC1 (CD227) is a large transmembrane glycoprotein, normally expressed at the apical surface of glandular epithelial cells [1] . In adenocarcinoma (e.g., breast, prostate, colorectal, ovarian, lung, bladder, and pancreatic cancer), it is overexpressed and aberrantly glycosylated [2, 3] . Loss of epithelial cell polarization also results in its expression throughout on the cell surface. Therefore, the MUC1 tumor-associated antigen (TAA) has been recognized as a potential target for immunotherapy [4] . MUC1 is also expressed in hematologic malignancies such as B-cell lymphoma, chronic myelogenous leukemia, and multiple myeloma [5] [6] [7] .
The MUC1 molecule has two distinct regions, formed by autocleavage with a SEA domain (Supplemental Fig. 1 ). The N-terminal (MUC1-N) is the large extracellular domain, which consists of the variable number of tandem repeats region (VNTR) and the non-VNTR region. MUC1-N is shed from the cells and can be found in the circulation of patients with advanced cancer. It is used as a tumor marker (CA15.3) in breast cancer patients [8] . The C-terminal region of MUC1 (MUC1-C) has three distinctive parts: a small extracellular domain that is covalently bound to MUC1-N, a single transmembrane domain, and a cytoplasmic tail [9] . The cytoplasmic tail contains sites for interaction with signaling proteins, such as β-catenin, epidermal growth factor receptor (EGFR), and Src [10] . Since these proteins are situated at the basolateral part of healthy cells, protein-MUC1 interactions are not believed to be significant. However, loss of polarity in human tumor cells allows the cytoplasmic tail to be exposed to the signaling proteins, and interaction can occur [11] . The MUC1-C region has been shown to act as an oncogene, leading to transformation of human cells when MUC1-C binds to β-catenin [12] [13] [14] . Moreover, MUC1-C transfection has been demonstrated to be sufficient to induce transformation and confer oncogenic activities previously attributed to the full-length MUC1 protein, such as increased growth rate, anchorageindependent cell growth, and resistance to chemotherapy agents [15] . In addition, MUC1-C signaling activated by c-Src is involved in the disruption of both E-cadherin adherens junctions and integrin focal adhesions that stimulate cancer cell motility, invasion, and metastasis, suggesting a possible role for MUC1-C in epithelial to mesenchymal transition (EMT) [16] . Overexpression of genes related to MUC1 has also been found to be highly associated with poor prognosis in patients with lung and breast cancer [17] and with drug resistance [15] .
Numerous clinical trials have evaluated MUC1 as a potential target for vaccine therapy of a range of human tumors. The majority of these have employed polypeptides of the VNTR region [18] [19] [20] [21] . Vector-based trials, some of which are ongoing, have employed recombinant poxviral vectors expressing the MUC1 transgene. These include MVA-MUC1-IL-2 [22] and a diversified prime-boost approach employing vaccinia and fowlpox CEA-MUC1-TRICOM recombinants, designated PANVAC [23] [24] [25] . PANVAC consists of recombinant vaccinia (V) and fowlpox (F) vectors containing transgenes for CEA, MUC1, and three costimulatory molecules (B7.1, intercellular adhesion molecule 1, and lymphocyte function-associated antigen 3).
There are numerous reports of putative T-cell epitopes in the N-terminus of MUC1 (both in the VNTR and non-VNTR regions). To our knowledge, however, there is only one report [26] of a T-cell epitope in the C-terminus MUC1 region; this was reported to strongly bind to the major histocompatibility complex (MHC), but did not induce peptide-specific responses such as IFN-γ production or tumor cell lysis.
One method that has been shown to enhance the ability of a vaccine to be more efficacious is to make alterations in the amino acid sequence of putative T-cell epitopes, which in turn can hopefully enhance T-cell activation and specific T-cell killing of tumor cells [27, 28] . Not all substitutions of an amino acid of a potential cytotoxic T lymphocyte (CTL) epitope, however, will lead to an enhancer agonist epitope, and some substitutions will lead to antagonist epitopes. Moreover, the generation of a putative agonist epitope of a TAA may well lead to enhanced T-cell activation by IFN-γ production, but will be useless unless the activated T cell will recognize the endogenous (native) epitope expressed in the context of the MHC on the surface of human tumor cells and consequently lyse those tumor cells (see Tables 1 and 2) .
To date, three agonist epitopes of MUC1 have been reported, all three being in the N-terminus non-VNTR region. One agonist epitope (P93L) was shown, compared to the native epitope, to enhance the generation of T cells that can also more efficiently lyse human tumor cells [29] . Two other potential agonist epitopes in this region were shown to enhance T-cell cytokine production, but no tumor cell killing was reported [30] . We report here the identification of nine novel enhancer agonist peptides of MUC1: seven in the C-terminus and two in the VNTR region. These epitopes span human leukocyte antigen (HLA)-A2, HLA-A3, and HLA-A24 MHC class I alleles, which encompass the majority of the population. The agonist peptides, compared to their respective native peptide counterparts, are shown to more efficiently (a) generate T-cell lines from the peripheral blood mononuclear cells (PBMCs) of cancer patients, (b) enhance the production of IFN-γ by peptide-activated human T cells, and (c) lyse human tumor cell targets endogenously expressing the native epitope in an MHC-restricted manner. These studies thus form the rationale for the use of these agonist peptides in various vaccination modalities or for the ex vivo generation of T
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cells. The information encoding these agonist epitopes can also be employed as transgenes to potentially enhance the efficacy of recombinant vector-based vaccines.
Materials and methods

Patients
For the experiments using HLA-A2-and HLA-A3-specific peptides, we utilized PBMCs from cancer patients enrolled in a previously described clinical trial of a CEAand MUC1-based viral vaccine (PANVAC-V/F) [23] . PAN-VAC consists of recombinant vaccinia (V) and fowlpox (F) vectors containing transgenes for CEA, MUC1, and three costimulatory molecules (B7.1, intercellular adhesion molecule 1, and lymphocyte function-associated antigen 3, designated TRICOM). Recombinant PANVAC-V was given as a prime, with PANVAC-F as boost injections every other week for the first month, and monthly thereafter. GM-CSF was given on four consecutive days with each vaccination. Patients #1 and #3 had colon carcinoma, and patient #2 had breast carcinoma. For the experiments using HLA-A24-specific peptides, we used PBMCs from two patients (#4 and #5) with prostate cancer enrolled in a previously described clinical trial of PSA-TRICOM vaccine in combination with ipilimumab [31] . The time to progression (TTP) and overall survival (OS) for patient #1 were 69 and 227 days, respectively; TTP and OS for patient #2 were 76 and 242 days, respectively; TTP and OS for patient #3 were >30 and >30 months, respectively; TTP and OS for patient #4 were 178 and 753 days, respectively; and TTP and OS for patient #5 were 166 and 1,116 days, respectively. An institutional review board of the National Institutes of Health (NIH) Clinical Center had approved the procedures, and informed consent was obtained in accordance with the Declaration of Helsinki. All injections were given at the NIH Clinical Center (Bethesda, MD, USA).
Peptides
The MUC1 amino acid sequence was scanned for matches to consensus motifs for HLA-A2-, HLA-A3-, and HLA-A24-binding peptides. We used the computer algorithm developed by Parker et al. [32] to rank potential MHCbinding peptides according to the predicted one-half-time dissociation of peptide/MHC complexes. American Peptide Company (Sunnyvale, CA) synthesized 9-mer and 10-mer peptide analogs from the MUC1-C and VNTR regions of MUC1 with single amino acid substitutions in order to increase the binding affinity (Tables 1,2 ). The purity of the peptides was >90 %.
Affinity and avidity assays
The affinity of the native and agonist epitope peptides was investigated in an assay determining the mean fluorescence intensity (MFI) of the peptide-HLA-A2 molecule complexes on T2 cells after overnight incubation with peptide (50, 25, 12.5, 6.25, and 3,12 μg/ml) [33] . MFI was measured by flow cytometry. In an additional experiment, the binding of C2A peptide was compared to that of Flu-A2 peptide (GILGFVFTL) at the same concentrations. The avidity of the native and agonist epitope peptides was investigated in an assay determining the stability of the peptide-HLA-A2 molecule complexes on T2 cells. The frequency of remaining complexes at different time points was measured as MFI by flow cytometry at 0, 2, 4, 6, 8, and 10 h and compared to the MFI at 0 h. Despite numerous attempts to establish binding assays for HLA-A3 and HLA-A24 peptides using T2-A3 and T2-A24 cells, we were not able to establish reliable assays for these alleles. Therefore, these peptides were evaluated based solely on the ability to lyse cells pulsed with the corresponding peptide and tumor cells expressing the native peptide.
Generation of dendritic cells from PBMCs
Peripheral blood was collected from patients, and PBMCs were isolated by centrifugation on a density gradient (Lymphocyte Separation Medium, ICN Biochemicals, Aurora, VA). Dendritic cells (DCs) were generated using a modification of the previously described procedure [34] . DCs were grown in AIM-V medium containing 100 ng/ ml GM-CSF and 20 ng/ml IL-4 (PeproTech, Rocky Hill, NJ). After 5 days in culture, the DCs were matured by the addition of 1 μg/ml CD40L and 1 μg/ml enhancer (Enzo Life Sciences, Farmingdale, NY) for 24 h. They were then either used immediately for the first in vitro stimulation of PBMCs (IVS1) or frozen in aliquots for future use.
Establishment of T-cell lines
A modified version of the protocol described by Tsang et al. [34] was used to generate MUC1-specific CTLs. Irradiated autologous DCs were pulsed with 20 μg/ml of peptide for 2 h, and then, PBMCs were added at a 10:1 ratio. After 3 days, human IL-2 (20 Cetus units/ml) was added. Cells were restimulated every 7 days. After the third IVS, cells were restimulated using autologous EpsteinBarr virus-transformed B cells as antigen-presenting cells (APCs) at a ratio of 2:1 and maintained in medium containing IL-7 (10 ng/ml) and IL-15 (10 ng/ml).
Detection of cytokines
Autologous B cells pulsed with peptides at different concentrations (25, 12.5, 6.25, 3.13, and 1.56 μg/ml) were incubated with MUC1-specific T-cell lines at a 2:1 ratio for 24 h. The supernatants were analyzed for IFN-γ by ELISA (Invitrogen, Frederick, MD).
Tetramer staining
Phycoerythrin (PE)-labeled HLA-A2 and HLA-A3 tetramers were prepared for all agonist epitopes by the NIH/NIAID MHC Tetramer Core Facility (Atlanta, GA), and PE-labeled MHC class I human negative tetramer (Class I iTAg MHC Tetramer) was obtained from Beckman Coulter Inc. (Sykesville, MD). The negative tetramer has no known specificity and does not bind to human CD8 + T cells of any HLA allele. The tetramers were used at a 1:100 dilution, and cells were stained for 45 min at 4 °C. For all flow cytometry, 1 × 10 5 cells were acquired on an LSRII (BD, Becton-Dickinson, San Jose, CA), and data were Table 2 Inability of the predicted HLA-A2 binding to predict the biologic activity of MUC1 peptides
Comparison and ranking of predicted and actual binding, as well as peptide-specific killing and IFN-γ production for potential agonist epitope peptides for MUC1-C. We found that the predicted binding of an epitope did not always correspond to the actual binding to T2-A2 cells and also that the epitope with the best binding affinity did not always generate T cells with the most efficient tumor cell killing or IFN-γ production. 1 = highest level, 5 = lowest level. The agonist epitopes C8A and C9A were not among those evaluated in the other figures and tables + , MUC1 + ) were purchased from American Type Culture Collection (Manassas, VA). All cell cultures were free of mycoplasma and maintained in complete medium (RPMI 1640 supplemented with 10 % fetal calf serum, 100 U/ml penicillin, 100 μg/ml streptomycin and 2 mM l-glutamine) (Mediatech, Herndon, VA). K562-A2.1 cells were obtained from Dr. C Britten (Johannes Gutenberg University, Mainz, Germany) and maintained in complete medium supplemented with 0.5 mg/ml of G418 (Mediatech). The 174CEM-T2 cell line (T2) [35] transport deletion mutant was provided by Dr. Peter Cresswell (Yale University School of Medicine, New Haven, CT) and cultured in Iscove's modified Dulbecco's complete medium (Mediatech).
Cytotoxicity assay, cold target inhibition, and antibody blocking of tumor cell lysis
To determine T-cell-mediated killing, a 16-h 111 Indium release assay was used [34] . 2 × 10 6 target cells were labeled with 60 μCi 111 In oxide (GE Health care, Vienna, VA) at 37 °C for 20 min and used at 3,000 cells/well in 96-well round-bottom culture plates. T cells were added at different ratios. All assays were performed in RPMI medium substituted with 10 % human AB serum (Omega Scientific, Tarzana, CA), glutamine, and antibiotics (Mediatech, Manassas, VA). Spontaneous release was determined by incubating target cells with medium alone, and complete lysis was determined by incubation with 2.5 % Triton X-100. Lysis was calculated using the formula:
A cold target inhibition assay was performed by adding K562-A2.1 or K562-A3 cells, with or without prior pulsing with the corresponding peptide, at a ratio of 1:10 to the wells [34] . Antibody blocking was performed by pre-incubating tumor cells with 10 μg/ml of anti-HLA-A2, anti-HLA-A3 or anti-HLA-A24 antibody, or isotype control antibody (UPC10).
Lysis (%) = observed release(cpm)−spontaneous release(cpm) complete release(cpm) − spontaneous release(cpm) × 100
Results
Identification of HLA-A2-binding T-cell epitopes of MUC1-C and the VNTR region of MUC1
Fourteen potential CTL epitopes (9 and 10 mer) of the MUC1 C-terminus and three potential epitopes of the VNTR region of MUC1 were selected on the basis of computer algorithms for MHC class I binding [32] and were synthesized. Potential enhancer agonist epitopes of each peptide were also synthesized. Agonists were developed by substitution of a single amino acid residue at the HLA class I-binding site. Sequences of the native and potential agonist epitopes are given in Table 1 . The MUC1-C amino acid sequence (from residue 1098 to 1254) and the VNTR region (from residue 141, repeats of 20 amino acids) were scanned for matches to consensus motifs for HLA-A2-binding peptides to identify possible CD8 + T-cell epitopes. Two of the five HLA-A2 peptide agonists showed decreased binding to T2-A2 cells and were not further investigated ( Table 2) . Three HLA-A2-binding peptides for the MUC1-C domain, designated C1 (position 1172), C2 (position 1177), and C3 (position 1240), were identified, as well as their corresponding potential agonists with higher predicted binding affinity (designated C1A, C2A, and C3A, respectively). Two HLA-A2-binding peptides were also identified for the VNTR region, designated V1 (position 150) and V2 (position 141); also identified were the corresponding potential agonists with higher predicted binding affinity (designated V1A and V2A, respectively). Table 1 shows the amino acid sequences and positions of these peptides, their predicted binding using the computer algorithm developed by Parker et al. [32] , and their actual binding to T2 cells. Supplemental Fig. 1 shows the location of these epitopes in the MUC1 molecule.
The native and potential agonist peptides were investigated for their ability to bind and form stable complexes with HLA-A2 molecules in a T2 cell binding and stability assay. The prostate peptide NGEP [36] , which has a high affinity for HLA-A2, was used as a positive control, and the CEAspecific peptide CAP7 [34] (specific for HLA-A3) was used as a negative control with a binding value of < 1. The agonist epitopes C2A, V1A, and V2A displayed higher binding affinity than their corresponding native peptides (Table 1) . Despite higher predicted binding, peptides C1A and C3A did not bind to HLA-A2 with greater affinity than the corresponding native peptides. Studies were also conducted to compare the binding affinity of the MUC1 agonist C2A with that of the known strong HLA-A2-binding peptide of influenza (GILGFVFTL, denoted here as flu peptide). Using the T2-A2 binding assay described in "Materials and methods," 10-16-fold more C2A peptide versus flu peptide was required to obtain a given MFI binding intensity.
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The stability of the MHC-peptide complexes was then investigated by determining the frequency of remaining complexes at different time points after the addition of brefeldin A. The MUC1-C agonist peptides showed binding stability similar to their native peptides, whereas the VNTR epitope V2A displayed slightly higher avidity than its native epitope (Supplemental Fig. 2 ).
Peptide-specific T-cell lines produced IFN-γ when stimulated with their respective peptides
The immunogenicity of the MUC1 native and agonist peptides was then investigated by evaluating their ability to generate specific human T-cell lines in vitro. T-cell lines were established from patients enrolled on a PANVAC (rV, rF-CEA-MUC1-TRICOM) vaccine trial. PBMCs from a patient (#1) with colon carcinoma were used to generate the C1, C1A, C2, C2A, V1A, and V2A T cell lines; due to limitations in the number of PBMCs available, we used PBMCs from another patient on that trial with breast carcinoma (#2) to generate T-cell lines C3 and C3A. To evaluate the specificity of the T-cell lines, IFN-γ production was measured by ELISA after 24 h of stimulation with different amounts of each native peptide and its corresponding potential agonist peptide. Autologous B cells (see "Materials and methods") were used as APCs. Each of the T-cell lines generated with the MUC1-C agonist peptides (T-C1A, T-C2A, and T-C3A) produced higher levels of IFN-γ at several different peptide concentrations than the corresponding native peptide T-cell lines (Fig. 1a-c) . T-cell lines could not be generated using the native VNTR region epitopes V1 and V2, but were successfully generated concurrently from the same patient's PBMC with agonist peptides V1A and V2A. These T-cell lines both b Peptide C2 was used to stimulate the T-C2 T-cell line, and peptide C2A was used to stimulate the T-C2A T-cell line. c Peptide C3 was used to stimulate the T-C3 T-cell line, and peptide C3A was used to stimulate the T-C3A T-cell line. d Peptide V1A was used to stimulate the T-V1A T-cell line. e Peptide V2A was used to stimulate the T-V2A T-cell line. T-cell lines could not be established from the native VNTR region epitopes V1 and V2. All MUC1-C agonist epitope T-cell lines produced higher levels of IFN-γ than the corresponding native peptide T-cell lines produced appreciable IFN-γ upon stimulation at various peptide concentrations (Fig. 1d, e) .
Tumor cell lysis
The MUC1-specific T-cell lines were then evaluated in cytotoxicity assays using as a target the human breast carcinoma cell line MCF-7 (86 % HLA-A2 + , 48 % MUC1 + ) and melanoma cell line SK-Mel (100 % HLA-A2 + , MUC-1 neg ) as a negative control target. The expression of HLA-A2 and MUC1 was evaluated by flow cytometry. Using two effector:target cell (E:T) ratios, the C1A and C3A agonist T-cell lines more efficiently lysed MCF7 tumor cells than did their native T-cell line counterparts (Table 3) . There was only a minor difference in tumor lysis between the C2 and C2A T-cell lines at the lower E:T ratio. There was no lysis of SK-Mel using any of the C-terminus-directed T-cell lines, indicating the specificity for MUC1. As mentioned above, it was not possible to generate T-cell lines using the native peptides V1 and V2. Both of the agonist VNTR region T-cell lines, however, efficiently lysed MCF-7, but not SK-Mel (Table 3) .
To further investigate tumor cell lysis with a second human tumor cell line and to evaluate HLA-A2 restriction, the MUC1 T-cell lines were evaluated in a cold target inhibition assay with 111 Indium-treated human pancreatic carcinoma cell line CF-PAC-1 (100 % HLA-A2 + , 76 % MUC1 + ) as a target (see "Materials and methods"). The tumor cell lysis was inhibited by the addition of APCs pulsed with the corresponding peptide. When APCs were added without peptide, there was no inhibition (Fig. 2a-e) . The addition of anti-HLA-A2 antibody inhibited tumor lysis, but the addition of UPC-10, a control antibody, did not ( Fig. 2f-h) . The above results thus provide evidence that the MUC1-C and VNTR region-specific T cells generated using agonist epitopes could lyse human tumor cells that endogenously express native MUC1 in an antigen-specific and HLA-A2 restricted manner.
Tetramer binding MUC1 native and agonist epitopes were also used to stimulate PBMCs from patients #1 and 2 enrolled in the PANVAC vaccine trial. The frequency of MUC1 peptidespecific CD8 + T cells was measured after two IVS (see "Materials and methods") for binding directed against tetramers synthesized with each of the corresponding agonist epitopes. A class I iTAg MHC tetramer (Beckman Coulter) was used as a negative control. For all three MUC1-C domain peptides, the agonist epitope-stimulated PBMCs displayed ≥6.0 % tetramer binding, which in each case was higher than the PBMCs stimulated with native epitopes (Supplemental Table 1 ). As mentioned above, T-cell lines could not be established for the VNTR native peptides, but both agonist peptides efficiently stimulated PBMCs that bound to the V1A and V2A tetramers (5.4 and 2.4 %, respectively, Supplemental Table 1 ). The lower panels of Supplemental Table 1 show representative FACS plots. To demonstrate specificity of the tetramer binding, the C2A agonist T-cell line was shown to bind to the C2A agonist tetramer; the binding was only minimally inhibited by the addition of one, two, or four tetramers specific for antigens other than MUC1.
Analysis of HLA-A3 MUC1-C native and agonist epitopes Six native epitopes were selected based on HLA-A3-binding algorithms, and the 9 and 10 mer peptides and their corresponding potential enhancer agonist epitope peptides were synthesized. Numerous attempts to develop a HLA class I A3 binding assay failed using T2-A3 cells and C1RA3 cells. Thus, T-cell lines were generated from PBMCs of HLA-A3 patients previously vaccinated with PANVAC vaccine using the six potential agonist peptides. Each cell line produced IFN-γ when stimulated with peptide versus control peptide. However, lysis of C1RA3 cells pulsed with the corresponding peptide was seen with only two of the six lines, subsequently designated C4A and C5A (Table 1) .
T-cell lines from PBMCs of a patient with colon cancer (patient #3) vaccinated with PANVAC vaccine were generated using native peptides C4 and C5 and their potential agonist epitopes C4A and C5A, respectively. Following multiple attempts, the T-cell lines generated with both native peptides grew poorly and thus limited experiments could be carried out using these lines. In contrast, T-cell lines from the same patient could be derived using the agonist peptides C4A and C5A. Enough cells from the native peptide-derived T-cell lines were available to compare lysis of the human pancreatic tumor cell line CF-PAC1 (MUC1 + , HLA-A3 + ) with the human pancreatic tumor cell line ASPC-1 (MUC1 + , HLA-A3 neg ). As seen in Table 3 , both agonist derived T-cell lines gave higher lysis of CF-PAC1 than the native derived lines (albeit at only one E:T ratio due to the limited amounts of T cells derived using the two native peptides).
Lysis of the ovarian carcinoma cell line SKOV3 (MUC1 + , HLA-A3 + ) was also evaluated using T-cell lines derived from both a colorectal cancer patient and an ovarian cancer patient vaccinated with PANVAC vaccine. Cell lines derived using agonist peptides C4A and C5A from both patients efficiently lysed SKOV3 cells endogenously expressing the native epitopes at numerous E:T ratios and showed no lysis of the MUC1 + , HLA-A3 neg ASPC-1 tumor cell line (Table 3 ). The HLA-A3 restricted lysis seen by both T-cell lines derived with the agonist epitopes is shown Table 3 MUC1 native and agonist epitope-specific T-cell lines lyse tumor cell lines expressing native MUC1 and HLA-A2, HLA-A3, or HLA-A24 Specific T-cell lines were established as described in "Materials and methods" from patients enrolled on the PANVAC vaccine trial and the PSA-TRICOM and ipilimumab trial for the native and agonist MUC1 peptides and used at IVS4. T-cell lines for the native epitopes V1, V2, and C6 could not be established. The MUC1-specific T-cell lines were evaluated in cytotoxicity assays using the human tumor cell lines MCF-7 (breast carcinoma, HLA-A2 in Table 4 , with anti-HLA-A3 inhibition of lysis of the pancreatic tumor line. Additional cold target inhibition studies confirmed the lysis of tumor cells endogenously expressing the native HLA-A3 epitope and the HLA-A3 restriction of the lysis (Table 4) . T-cell lines generated with the C4A and C5A agonist epitopes showed 20.2 and 16.2 % binding to their corresponding tetramers and <0.04 % binding to the control tetramer (Supplemental Fig. 3 ). T-cell lines were generated from the same patient (#3) with the C4 native peptide or the agonist C4A peptide. Both were then stimulated with the agonist peptide and analyzed for cytokine production. As seen in Table 5 , the agonist peptide-derived T-cell line produced higher levels of the Type I cytokines IFN-γ, GM-CSF, TNF-α, and IL-2. Similar results were seen with T-cell lines produced using the native C5 peptide and its corresponding agonist peptide C5A. Upon stimulation of each of these T-cell lines with autologous B cells pulsed with the C5A peptide, more type I cytokines were produced by the C5A-derived T-cell line.
Analysis of HLA-A24 MUC1-C agonist epitopes
The algorithm for HLA-A24 class I-binding peptides in the MUC1-C region revealed no potential A24 binders. Changes in anchor residues revealed the potential for three HLA-A24 agonists. Studies with two of these agonists (C6A and C7A, Table 1) are described. (The third potential agonist is not shown because a T-cell line generated did not lyse tumor cells.)
Attempts to generate T-cell lines with the native peptide designated C6 were unsuccessful using PBMCs from two different vaccinated cancer patients (patients #4 and #5 were from a trial employing Prostvac vaccine and ipilimumab). T-cell lines, however, could be generated from these same patients using APCs pulsed with the corresponding agonist peptide C6A. The T-cell line derived from APCs pulsed with the C6A peptide was evaluated for lysis versus two different MUC1 + , HLA-A24 + tumor cell lines (SW620, colon cancer, and PC3, prostate cancer) and the ASPC-1 pancreatic cancer cell line (MUC1 + , HLA-A24 neg ). Lysis of both of the HLA-A24 + cell lines was seen (Table 3) , in contrast to the HLA-A24 neg line. The T-cell line derived with the native C7 peptide grew poorly, but enough cells were available to evaluate this T-cell line in a cytotoxicity assay using the colon cancer cell line SW620. As can be seen in Table 4 , the T-cell line derived with the agonist C7A peptide lysed SW620 cells more efficiently than the T-cell line derived with the native C7 peptide. Neither T-cell line lysed the ASPC-1 tumor cell line. The addition of an anti-HLA-A24 antibody greatly reduced the lysis of tumor cells, demonstrating the MHC restriction of the lysis for both the C6A-and C7A-specific T-cell lines (Table 4) .
The T-cell line generated with the native C6 peptide grew poorly. Stimulation of the T-cell line generated with the C6A agonist peptide produced high levels (pg/ ml/10 5 cells) of IFN-γ (2,651), GM-CSF (> 10,000), IL-8 (> 10,000), and TNF-α (372) and low levels (< 50) of IL-2, IL-6, IL-10, and IL-12.
T-cell lines could be generated from the same patient using autologous APCs pulsed with the native C7 or agonist C7A peptides. Each cell line was then stimulated with either the native C7 or agonist C7A peptide. As seen in Table 5 , the T-cell line generated with the native peptide produced more Type I cytokine IFN-γ when simulated with the agonist C7A versus the native C7 peptide. Additionally, when the T-cell line generated with the agonist C7A peptide was stimulated with both native and agonist peptides, more IFN-γ, GM-CSF, IL-8, IL-10, and TNF-α were produced by stimulation with APCs pulsed with agonist C7A peptide versus the native C7 peptide (Table 5) .
Discussion
The studies reported here demonstrate that while the use of an algorithm to determine potential CD8 + T-cell epitopes and thus potential agonist epitopes of a human tumor antigen can be useful, the algorithm does not necessarily predict actual MHC binding ( Table 2 ). As shown in Table 2 , the HLA-A2 binding also does not necessarily predict the ability to activate human T cells to produce interferon. Most importantly, none of the above ranked the agonist epitopes evaluated in terms of killing tumor cells endogenously expressing the native antigen ( Table 2 ).
The C-terminus of MUC1 has been shown by several groups to be extremely important in the initiation and progression of a range of human neoplasms. It has been shown to play a part in the epithelial stress response, the coordinated sequence of signals that induces normal epithelial cells to temporarily undergo loss of polarity, which triggers growth promotion, survival, and repair of damage to the epithelial layer [4, 5, 11, [37] [38] [39] . Overexpression of MUC1-C makes it possible for malignant cells of epithelial or hematopoietic origin to exploit this physiologic stress response and thus stimulate their expansion and survival. It was previously shown that expression of mutations in the cytoplasmic tail of MUC1-C could block anchorage-independent growth and tumorigenicity of human carcinoma cells [4] .
The MUC1-C oncoprotein has also been shown to induce tamoxifen and herceptin resistance in human breast tumor cells [40, 41] . Inhibition of MUC1-C has been shown to be synergistic with cytotoxic agents in the treatment of breast cancer cells [42] . MUC1-C-induced transcriptional programs have also been shown to be associated 1 3
with tumorigenesis and predict outcome in breast and lung cancer patients [43] [44] [45] . The androgen receptor has been shown to regulate the MUC1-C oncoprotein expression in human prostate cancer cells [46] , while the MUC1-C oncoprotein has been shown to confer androgen-independent growth in human prostate cancer cells [47] . MUC1-C has also been shown to regulate survival of pancreatic cancer cells [48] and enhance invasiveness of pancreatic cancer cells by inducing EMT [49] . The MUC1-C oncoprotein has also recently been shown to play an important role in several hematopoietic malignancies. The survival of human multiple myeloma cells was shown to be dependent on MUC1-C-terminal transmembrane subunit oncogenic function, and inhibition of the MUC1-C oncoprotein induces multiple myeloma cell death; conversely, expression of the MUC1-C oncoprotein was shown to promote growth and survival of human multiple myeloma cells [6] . The MUC1-C oncoprotein suppresses terminal differentiation of acute myelogenous leukemia cells [50] and chronic myelogenous leukemia cells [7] and also regulates Bcr-Ab1 stability in chronic myelogenous leukemia [5] . These studies render the C-terminus of MUC1 a biologically relevant target for immunotherapy of a range of human cancers.
The C-terminus of MUC1 has also been shown to play a role in tumor rejection in murine models [51] [52] [53] . A portion of both the tandem repeat and the C-terminus contributed to the CD4 + T-cell rejection of MUC1-expressing murine B16 melanoma cells, but not in the rejection of MUC1-expressing Panc02 tumor cells. The C-terminus MUC1 epitope was shown to be necessary for CD8
+ -mediated rejection of Panc02 tumors. Results also showed that MUC1 C-terminus epitope vaccination could prolong survival in MUC1-transgenic mice challenged with MUC1-expressing tumors, without evidence of autoimmune responses [51] [52] [53] .
The studies reported here identify seven novel potential CTL epitopes in the MUC1-C region of MUC1, but more importantly, identify enhancer agonists for each of these epitopes. This was demonstrated by the ability of the agonist, compared to its corresponding native epitope, to generate MUC1-C-specific T-cell lines, enhance IFN-γ production by T cells, and lyse human tumor cell targets endogenously expressing the native epitope in an MHCrestricted manner. These epitopes span class I MHC HLA-A2, HLA-A3, and HLA-A24, which encompass the majority of the population. Two additional agonist epitopes were also identified in the VNTR region of MUC1. In these studies, T-cell lines were able to be generated from PBMCs of nine different cancer patients, employing the MUC1 agonist peptides described. The results obtained from five of these patients are shown in the "Results" section. ) as targets, and blocking by anti-HLA-A3 or anti-HLA-A24 antibody, as described in "Materials and methods." In addition, a cold target inhibition assay was performed for the HLA-A3-specific peptides C4A and C5A, using K562-A3 cells pulsed with the corresponding peptide as cold targets. Results are expressed as % specific lysis. The assays were performed at an E:T ratio of 25:1, except the T-C6A lysis of PC3 cells, which was performed at a ratio of 12 Fig. 2 Tumor cell lysis by the MUC1 specific T-cell lines was HLA-A2 restricted. Specific T-cell lines were established for the MUC1 agonist epitopes as described in "Materials and methods," from patients enrolled on a PANVAC vaccine trial. PBMCs from patients (#1 and #3) with colon carcinoma were used to establish the C1A, C2A, V1A, and V2A T-cell lines. For the C3A T-cell line, PBMCs from a patient (#2) with breast carcinoma were used. The MUC1 agonist-specific T-cell lines were evaluated in a cytotoxicity assay with 111 Indium-treated human pancreatic carcinoma cell line CFPAC-1 (100 % HLA-A2 + , 76 % MUC1 + ) as a target. The tumor lysis was inhibited by the addition of peptide-pulsed APCs (K562-A2 cells) at a 1:10 ratio. When APCs were added without peptide, there was no inhibition. a T-cell line specific for C1A; b T-cell line specific for C2A; c T-cell line specific for C3A; d T-cell line specific for V1A; e T-cell line specific for V2A. Moreover, the addition of anti-HLA-A2 antibody inhibited cytotoxicity, but the addition of UPC-10, a control antibody, did not. f T-cell line specific for C1A; g T-cell line specific for C2A; h T-cell line specific for C3A. The effector: target cell ratio was 25:1. *indicates a significant difference Numerous preclinical studies and recent clinical studies have demonstrated the importance of the induction of CD8 + T-cell responses in vaccine-mediated anti-tumor immunity. Both the number and avidity of T cells can contribute to tumor cell lysis. Indeed, it has been shown that high avidity T cells can lyse targets with up to 1,000-fold lower peptide-MHC complexes than low avidity T cells [54] [55] [56] . Since the majority of tumor antigens are "selfantigens," they will by nature induce lower avidity T cells. Even some gene products of somatic mutations, such as point mutated ras, will generate T cells of much lower avidity when compared to T cells induced by microbial antigens such as influenza. For this reason, strategies have been undertaken to enhance both the number and avidity of T cells to tumor-associated antigens. One such strategy, the design of enhancer agonist epitopes, was employed in the studies reported here. Complementary strategies to enhance T-cell numbers and avidity include the use of viral, bacterial, or yeast-based recombinant vaccines, or peptidepulsed DCs, to enhance the vaccine-mediated immune milieu; other strategies include the use of vaccines in combination with other immune stimulants such as cytokines, with immune checkpoint inhibitors, and/or with the use of specific chemotherapeutic agents, radiation, or specific small molecule targeted therapeutics.
The studies reported here provide the rationale for immunotherapy clinical studies employing the agonist epitopes of both the C-terminus and VNTR of MUC1. These include the use of peptides alone, on DCs, with classical or novel adjuvant formulation, or with a range of biologic adjuvants, or cytokines such as IL-12, GM-CSF, or IL-15. These agonist peptides can also be used to activate T cells in vitro in adoptive T-cell therapy approaches. The T-cell receptors directed against these agonist epitopes can also be used in genetically engineered T-cell adoptive transfer studies. Longer peptide or the MUC1 protein itself containing the agonist epitopes can also be employed as described above. Finally, recombinant vector-based vaccines can be employed, which encode for the MUC1 transgene and include the sequences for these agonist epitopes. Table 5 MUC1 HLA-A3 and HLA-A24 agonist epitope-specific T-cell lines produce Type I cytokines upon stimulation The MUC1 specific T-cell lines were evaluated for cytokine production upon stimulation with autologous B cells pulsed with the corresponding native and agonist peptides. For the HLA-A3 peptide epitopes, T-cell lines were established from PBMCs from a patient with colon cancer treated with PANVAC vaccine. The T-cell lines were used at IVS5 (T-C4 and T-C4A) and IVS4 (T-C5 and T-C5A), stimulated with B cells pulsed with the corresponding peptides for 24 h, and cytokine levels were analyzed in the supernatant. 1 × 10 6 T cells/ml, values expressed as pg/ml. For the HLA-A24 peptide epitopes, T-cell lines were established from PBMCs from a patient with prostate cancer treated with PSA-TRI-COM and ipilimumab. Despite several attempts, it was not possible to establish a T-cell line using the native C6 peptide, although a T-cell line could be established from the same patient with the corresponding agonist peptide. The native T-C7 and agonist T-C7A T-cell lines were stimulated for 24 h with B cells pulsed with both the native and the agonist peptides, and cytokine levels in the supernatant were analyzed. Results are expressed as pg/ml/2.5 × 10 5 T cells. The levels of IL-12p70 and IL-1β were < 100 pg/ml for all native and agonist epitopes T-cell line  Peptide  IFN-γ  GM-CSF  IL-2  TNFα  IL-8  IL-6  IL-10   A3  T-C4  C4A  2,777  1,135  4  119  20  71  27  T-C4A  C4A  >10,000  >10,000  170  3,804  279  192  79  T-C5  C5A  >10,000  6,355  347  2,576  165  138  16  T-C5A  C5A  >10,000  >10, 
